This work deals with the dynamics of the nonthermalized electron-hole plasma in the subpicosecond regime. We computed different collision rates (electron-electron, electron-hole, electron-phonon) and discussed the relative efficiency of the different processes for the cases of static and dynamic screening of the interaction. We also considered how the inclusion of the exchange affected the screening amplitude and the collision rates. Calculations were bases upon GaAs. We conclude that dynamic screening is crucial for electrons in the conduction band at high plasma density [say, at densities above (1-2)x10 16 /cm 3 ] whereas it generally plays a minor role at low density and when describing hole dynamics. The excitation of heavy holes into the light-hole band by collisions with the conduction electrons is discussed in heavily p-doped GaAs.
I. INTRODUCTION
The relaxation of non-equilibrium electron-hole plasmas (EHP's) in the subpicosecond regime has been investigated for about ten years in direct gap semiconductors. Experimental methods using an optical excitation have played a crucial part in these investigations since subpicosecond pulses enable the direct generation of nonthermalized EHPs. The first studies concerned the modulation of the transmission close to the band edge. These investigations have been continuously extended to many direct gap semiconductors (for instance GaAs: [1, 8] , InP: [8] , GaAlAs: [9] [10] [11] ). Time-resolved Raman spectroscopy has also been investigated (GaAs: [12] [13] ). Time resolved luminescence techniques appeared more recently and are continuously being refined [13] [14] [15] [16] [17] [6] [7] . An understanding of the optical properties of a strongly excited EHP in term of microscopic plasma theory may be tentatively described as a three-step process involving: 1) The observation of some optical property of the excited EHP ( time resolved absorption, luminescence ....).
2) The analysis of the experimental data. This step mostly concerns the extraction of information on the distribution functions, the electron-hole correlations, the screening ....etc. from the analysis of the absorption (or the luminescence) line shape.
3) The development of a plasma dynamics theory (if possible without any adjustable parameter) to account for the subpicosecond kinetics of the critical parameters deduced during the two previous stages.
Our separation of step 2 and step 3 is somewhat arbitrary.
Step 2 is not simple. The interpretation, for example, of transmission experiments close to the band edge must take into account the electron-hole correlations, the exciton screening and the particle damping. An introduction to the optical properties of the EHP ( in thermal equilibrium!) may be found in Refs. 18-19. Step 3 is a standard problem of nonequilbrium statistical mechanics (NESM) that has been extensively studied since the pioneering work of Boltzmann in 1872 [20] . Many physicists have contributed to the development of NESM, especially the derivation of the Boltzmann's equations, and the discussion of their range of application. An extended review of the subject can be found in [21] . Field theoretical methods have also been used [22] [23] [24] .
Three main theoretical approaches prevail in the literature describing the EHP dynamics in semiconductors. In a first approach, investigations start from the very general equations of the non-equilibrium quantum statistical mechanics (Balescu-Resibois formalism [25] , time-dependent Green's functions [22] [23] [24] [26] [27] [28] [29] ). This ambitious approach may in principle describe both the coherent and incoherent interaction of electrons with subpicosecond optical pulses. But so far, it has (apparently?) not succeeded in really calculating the subpicosecond kinetics of observable quantities because the solution of the Green's function equations of motion lead to extremely arduous numerical computations when correlations and screening are included. The fundamental problem consists of finding a compromise between the formal aspects of the theory and the real computation capabilities. Nevertheless, these works are interesting because they suggest an exact treatment. In a second approach, the investigations start from Boltzmann-like kinetic equations and develop complex but still tractable numerical computations. These works are directly related to the first approach because the Master and Bolztmann's equations can be derived from the theory of non equilibrium Green's functions within the framework of the so-called quasiparticle approximation. The numerical results have been compared to experimental data [30] [31] [32] 9] . Now this second approach is limited to the semi-classical regime, i.e. when the plasma dynamics are controlled by collision effects rather than by coherent quantum effects. Fortunately, it turns out that this condition is often satisfied in the subpicosecond regime, when the plasma density is typically larger than 10 17 /cm 3 . In a third approach, the carrier dynamics have been described by Langevin equations and then solved by the Monte Carlo method. These methods are in principle equivalent to directly PHYSICAL REVIEW B VOLUME 47, NUMBER
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solving the Boltzmann equations (second approach). However, they require very long computation times to attain some accuracy [33] [34] [35] [36] [37] . The work is essentially devoted to disscusing plasma dynamics in GaAs when the initial kinetic energy of the electron is of the order of 100-200 meV. The EHP is mostly confined in the G valley. Our first calculation of plasma dynamics [31] [32] (within the framework of a two-band model and static screening) predicted the observation of a clear hole-burning effect in GaAs in subpicosecond regime at plasma density around (6-7)x10 17 /cm 3 when generating the EHP with 500 fs pulses. Several experimental results show that the observation of this is not so pronounced (see for instance Ref. 5) . This means that our initial treatment underestimated the efficiency of carrier-carrier scattering. We therefore wish to develop a more sophisticated moded that includes a dynamic screening of the Coulomb interaction and the two valence bands. The manuscript is organized as follows: We recall plasma kinetic equations in paragraph 2 and emphasize the way in which we screen the interactions. We show that information on the sensitivity of scattering processes to dynamical effects may be deduced from the calculation of the dielectric function and from the inspection of the material band structure. We derive in paragraphs 3 and 4 the expressions for the different carrier-carrier scattering rates. Several scattering rates are computed in paragraph 5 for conduction electrons both for static and dynamic screening. We show the impact of the approximations. Computations are conducted for GaAs which has been, by far, the mostly studied direct gap material to date. The following conclusions stress the importance of the dynamic screening:
intrinsic GaAs, photogeneration energy 60-70 meV above the band edge: a) Electron-electron scattering: The inclusion of a dynamic screening is essential for the computation of this collision rate at densities above (1-2)x10 16 /cm 3 . At low density, typically below 5x10 15 /cm 3 , the dynamic and the static screening approximations give similar results. The consideration of the exchange term in the matrix element typically increases the scattering rate by 10-15%. b)Scattering by emission-absorption of bare LO phonons or mixed modes. The two theories lead to similar results. The relative scattering rate at the photogeneration energy is quasi constant around 5 ps -1 for plasma densities ranging from 10 15 to 10 18 /cm 3 . The simple theory of bare LO-phonon emission without screening is resonably good up to (3-4)x10 17 /cm 3 . c) The static screening generally holds for H-H processes ( heavy hole-heavy hole collisions).
n-doped GaAs (hole density small compared to that of electrons, i.e., U h <<U c ): A description of the plasma dynamics reduces to a study of the thermalization and the cooling of holes. Conduction electrons remain quasi-thermalized at the bath temperature.
The static screening approximation generally holds when describing hole-hole collisions and LO-phonon emission.
weakly excited p-doped GaAs (electron density small compared to that of holes, i.e., U e <<U h ): In this case, the description of the plasma dynamics reduces to studying the internal thermalization and the cooling of the conduction electrons. Holes remain quasi-thermalized at the bath temperature. The dynamic screening model of the electron-electron and electron-LO processes is necessary. In heavily p-doped material (U h >10 19 /cm 3 ), the relaxation of the conduction electrons by direct excitation of heavy holes into the light hole band becomes the dominant intraband relaxation process (C-HL process).
II. KINETIC EQUATIONS AND SCREENING
We use Boltzmann equations to describe the kinetics of one-particle distribution functions. A distribution function is associated with each carrier band and with each optical phonon type. The temporal evolution of the distributions is described by a system of coupled integro-differential equations. If, for example, we consider one conduction band, two valence bands, and LO phonons, then we may describe the system using the following set of equations: LO are the one-particle distribution functions respectively for the conduction electrons, the heavy holes, the light holes and the LO phonons. g C g H and g L are the generation rates under optical excitation in the conduction band, in the heavy and light hole bands respectively. The other terms of the right-hand side represent the scattering rates due to the different scattering processes. For instance
is the scattering rate in the conduction band due to the collision of the conduction electron with a hole, which is scattered between the heavy and light hole bands (H, L subscripts). The first crucial point that must be clarified is the range of application of these equations. It is well known from the dynamic derivation of the Boltzmann's equation [21, 24, 38] that one-particle distributions are related to manyparticle distributions within an infinite hierarchy of equations. Now, many-particle functions become functionals of the single one-particle distributions, i.e. the system losses PHYSICAL REVIEW B VOLUME /cm 3 (see Appendix A). As a result, Boltzmann's equations are expected to often provide a reasonable description of the kinetics of the one-particle distributions in the subpicosecond regime. The different scattering terms of the right-hand side of eqs. 1 may be cast in a common form which reads:
This decomposition simply describes the competition between the processes that scatter carriers out of the k state (first term) and those that scatter carriers into the k state (last term). The explicit form of factors 
are, respectively, the wave vector and the energy exchanged in the scattering process. One crucial aspect of kinetic equations concerns the structure of the scattering amplitude M ij . (for instance for the Coulomb potential). This is clear evidence that they are not satisfactory. As was extensively discussed in several textbooks [24] [25] 38] , M ij is in fact related to the vertex function of the scattering process. A possible approximation of the vertex consists of screening the bare interaction V ij (q) by using the longitudinal dielectric function of the plasma [24] . We get:
where 'E(q) is again the energy which is exchanged in the collision. For electron-hole plasmas, the longitudinal dielectric constant is best described in the random phase approximation (RPA) which reads [40] [41] :
The subscripts D,E run over all the excited bands. In the static limit ;Z=0 and for small q, the RPA dielectric function of the plasma reduces to following the simple expression:
where q D is again the Debye-Hückel wave vector (Eq. 2). Now, it must be clearly stressed that the utilization of this static limit in the scattering amplitude (Eq. 7) only holds if the exchanged energy 'E(q) is small compared to that of the plasmon. Many works on the Mott transition of excitons and on electron-hole liquids in semiconductors have demonstrated that the static approximation strongly overestimates screening ( for a review, see for instance ref. 18 ). In other words, the static screening approximation underestimates the carrier-carrier interactions. If the static approximation has been systematically used in plasma kinetics problems [30] [31] [32] [33] [34] [35] , this is for technical reasons, i.e., because the expression of the dielectric function reduces to the simple form of Eq. 9 that is compatible with the heavy computations involved in the numerical treatment. The obvious difficulty, concerning the dynamic screening approximation, is that the real part of the RPA dielectric function (from Eq. 8) is a nasty integral. It can always be computed for a specific study on screening (See for instance Ref. 42 ), but it is too time consuming when it is involved in a more general program of plasma kinetics. A possible compromise for including dynamic screening in kinetic
PHYSICAL REVIEW B VOLUME 47, NUMBER 15 APPRIL 1993-II (Original manuscript formatted following PR prescriptions) 4 equations consists of using the plasmon pole approximation (PPA) which is a simplified analytic version of the RPA. It has been previously used for studying plasmas and electronhole liquids in semiconductors [43] [44] . The expression of the dielectric function in this approximation is:
where 3 e and 3 h are the approximated polarization kernels of the conduction and valence bands which read:
Z pl,i (0) is the plasmon energy at q=0 in the band i. We recall that ( ) U e =U h =10 17 /cm 3 . The plasmon energy is KZ pl ≈14meV.
We plotted, in Figs and U e = U h =10 17 /cm 3 . The damping ' i (see Eq. 11) is determined using ' i =*Z pl,i with *=0.3 [44] . The plasmon energy is
The PPA obviously does not perfectly reproduce the RPA but the crucial features of the RPA dielectric function are well accounted for, as follows: Fig. 1 ). The consequence for plasma dynamics is the following: If a scattering process mostly involves the exchange of a wave vector larger than the Debye-Hückel vector, the static and dynamic screening approximation will give similar results. In that case the screening model is not essential. This conclusion generally holds at low plasma density ( say typically when the density is below 10 16 /cm 3 in GaAs) because the screening wave vector converges to zero. 
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The PPA certainly provides an improved description of the dielectric function with respect to the static approximation. The different curves in Fig. 1 display the enhancement of the transition probability in dynamic screening (with respect to the static screening) when the exchanged wave vector and energy are respectively of the order of the Debye-Hückel wave vector (here q D 10 6 /cm) and 20-40 meV.
A quick look at the band structure of GaAs (Fig. 3) shows that these conditions are fulfilled for the relaxation of electrons high in the conduction band (process 3). The particular energy 'E=36 meV is that of the LO phonon. We therefore conclude from this study of the RPA dielectric function that the emission of LO phonons by electrons high in the conduction band is expected to be sensitive to dynamic effects. We discuss now a second example of transitions sensitive to dynamic screening effects. We plotted in Fig. 4 the variation of 1/|H(q,'E)| 2 in different p-doped GaAs when the energy exchanged in the collision is 'E=70 meV. This energy is roughly that of the split-off between the heavy and light hole bands for a large wave vector in the direction [1,0,0] (see Fig. 3 ). The factor 1/|H| 2 was computed for several hole densities ranging from 10 17 /cm 3 to 8*10 18 /cm 3 .
When the density is lower than 10 18 /cm 3 , H1 because 'E>>;Z pl . The resonance of the split-off energy 'E with that of the valence plasmon occurs around the density U2.5 10 19 /cm 3 and leads to a large enhancement of the transition probability when the vector which is exchanged in the collision is of the order of (or smaller than) the DebyeHückel wave vector q D 5x10 6 /cm. Again a quick look at the valence band in Fig. 3 shows that the electron-hole collisions accompanied by an intervalence band scattering of the hole such as for the process 2 fulfill these conditions. This electron-hole process is therefore expected to be sensitive to dynamic effects in heavily p-doped samples. These two examples demonstrate that an intial conclusion about the sensitivity of the scattering processes to dynamic effects can be reached from the calculation of the dielectric function and from the inspection of the band structure. Now the final conclusion comes from the computation of the full scattering rate including all the scattering processes. We therefore review in the next sections the expression of the main scattering terms that appear in the right-hand side of Eqs. 1. 
p-GaAs

III. SCATTERING IN THE CONDUCTION BAND
A. Electron-hole scattering. As we stressed in the introduction, plasma dynamics computations based on one single valence band and on the static screening approximation underestimate the efficiency of carrier-carrier scattering processes. To improve this model, we consider two valence bands and the dynamic screening. The heavy hole band is parabolic, characterized by a single mass m H . We use the following algebraic expression to reproduce approximately the non linearity of the light hole dispersion curve: ( ) 
Around a critical vector k c 3x10 6 /cm in GaAs, the light hole band changes from a parabolic law (characterized by a small mass m L =0.082) to a curve of lower gradient which becomes quasi parallel to the heavy hole band for k>5x10 6 /cm ( see Fig. 3 ). The split-off energy 'E HL between the two bands is PHYSICAL REVIEW B VOLUME 47, NUMBER 15 APPRIL 1993-II (Original manuscript formatted following PR prescriptions) 6 of the order 70meV. The anisotropy of the light hole energy in K-space is not taken into account by Eq. 13. We consider two classes of electron-hole collisions. In the first one, the hole stays in the same band (so-called in the following an "intra valence process"). In the second one, the hole is scattered from one valence band to the other one (so called in the following an "inter valence process"). Such processes are displayed in fig.3 for GaAs. The electron is scattered in the conduction band (process 1). Four hole processes may accompany this conduction transition (see labels 1a-1d in the valence bands), the initial state being either in the heavy or in the light hole band. The interband process (process 2) is characterized by the possibility of exchanging a larger energy and a smaller wave vector than for process 1. In this case, the hole scattering is only possible from the heavy hole band to the light hole band. Because of the small wave vector involved in process 2, such interband transitions are expected to be sensitive to dynamic effects of polarization (See the discussion in the previous section). We first compute the electron scattering rate due to interband processes such as 1a. The structure of the scattering rate is similar to that displayed in Eq. 3. S i, j and S i,j are respectively replaced by:
We must also include the second scattering rate due to the interband process 1b as displayed in Fig.3 . Calculations are very similar to those of process 1a. Details are also reported in appendix B.
Notice that the intra valence scattering factors 
B. Electron-electron scattering.
The treatment of the electron-electron scattering (and the hole-hole scattering) is difficult because of the exchange interaction. The scattering rates 
]
Some points are worthy of note; 1) There is no exchange term in the scattering amplitude. This is a crucial simplification with respect to intraband collisions as will be seen in paragraph 3b; 2) V o (q) is the Fourier transform of the Coulomb potential, i.e., V o (q)=4Se 2 /H q 2 .
( )
is the overlap coefficient already discussed (see Eq. 6). Following the calculation deferred to has been already carried out in the static approximation and reduces to triple integrals [31] . The details of the calculation are reported in Appendix C. Now, the static screening approximation is in general not satisfactory for electrons in the * valley. To our knowledge, the full computation of the terms ± C C S , including both the exchange interaction and the dynamic screening has not been conducted. If the exchange contribution is omitted, the computation (including dynamic screening) is similar to that of the electron-hole collisions for parabolic bands (see the previous section IIIA). In this approximation, the scattering rate for electron-electron collisions can be derived from Eqs. 16 using the sub- . The computation of the electronelectron scattering rate is however achieved with a limited accuracy that is not well characterized as will be seen below.
C. Emission of mixed LO-phonon plasmon modes
The scattering rate due to the emission-absorption of bare LO phonons has been already derived in section II. Use Eqs. (4-5) with C CC =1. When the energy of the plasmon is not small compared to that of the LO phonon (typically at plasma densities larger that 10 17 /cm 3 in GaAs), mixed LOphonon plasmon modes are emitted by the carriers. The derivation of the corresponding scattering rate is deferred to section IV-B.
IV. SCATTERING IN THE VALENCE BAND
A. Intra valence hole-hole scattering:
We restrict our analysis to the scattering of holes in the heavy hole band. The computation of collision rates is similar to that of electrons in the conduction band except for the hole overlap coefficients C HH which do not reduce to unity and must be explicitly taken into account (See Eq. 6). As a result, hole scattering calculations are more complex than those for electrons. The general computation of the hole-hole collision rate including both the exchange interaction and the dynamic approximation seems inextricable. Fortunately photogenerated holes are often cold and cannot exchange both an energy of the order of the plasmon and a wave vector smaller or of the order of the Debye Hückel vector. The static screening therefore often holds for computing the hole-hole scattering rate. If the exchange term is omitted, because its inclusion even in the static screening is difficult, the scattering rate reads:
The final expression of the scattering rate is very similar to that of the electron-hole. Notice that the consideration of the two hole overlap coefficients C HH in Eq. 18 typically reduces the scattering rate by a factor ten with respect to the result obtained in the approximation C HH =1.
B. Emission of mixed LO-phonon plasmon modes:
The scattering rate due to the emission-absorption of bare LO phonons has been already derived in section II. For holes, use Eqs. (4-5) with C HH =C LL =(1+3cos 2 F)/4 and C LH =C HL =3sin 2 (F)/4. When the energy of the plasmon is not small compared to that of the LO phonon (typically at plasma densities larger that 10 17 /cm 3 in GaAs), mixed LO-phonon plasmon modes are emitted by the carriers or excitons [ Se for instance Refs. [45] [46] [47] . The emission rate is as previously determined by Eq. 3. In the following, the mixed mode energies and the mixed mode occupation functions are denoted Z α and b α respectively. S ij reads [47] :
Eq. 19 may be compared to Eqs. 4-7 that dealt with the emission of bare LO phonons. The energy of the mixed modes ;Z α (q) may be determined from the solution of the following equation: 
V. RELAXATION OF CONDUCTION ELECTRONS IN INTRINSIC GaAs
As we stressed in section IIIB, there exists so far no fully satisfactory computation of the C-C (and to some extend H-H) scattering rate because the exchange interaction and the dynamic screening have never been simultaneously taken into account. This problem is especially important for studying the dynamics of the photogenerated electrons in undoped GaAs when the C-C process becomes the dominant scattering process at plasma densities typically above 10 18 /cm 3 . We studied in Fig.5 the efficiency of the C-C scattering rate by computing the relative scattering rate, i.e., the quantity This way, we get information about the rate of scattering of the conduction electrons out of their initial level. We chose a Lorenztian distribution of carriers with a broadening of 40 meV at half height (1) that was centered around the photogegeneration energy E p =60 meV. The hole temperature was 300K. The hole and electron densities were equal (intrinsic photo excited material). Different models were compared. Square and triangular data points were computed using the dynamic and static screening respectively. The exchange interaction was omitted in both cases. In the low density limit (typically with U<5x10 15 /cm 3 ), these two calculations lead to similar results because the Debye-Hückel wave vector q D is smaller than the wave vector exchanged in most of the collision processes (for instance q D equals 3.5x10 5 /cm at U=10 16 /cm 3 ). In other words, the choice of the screening model is not essential at low density. The diamond data points were computed to include the exchange term in the the framwork of the static screening approximation. It tuns out that, at low density (typically for U<10 16 /cm 3 ), the scattering rate is very weakly enhanced (by 5-10%) when the exchange is included. We therefore conclude that: 1) including the exchange is not critical at low density to compute the CC scattering rate; 2) the static screening may be used. In the high-density limit (for U>(1-2)x10 16 /cm 3 ), the dynamic enhancement of the Coulomb potential becomes important and the scattering rate in the framework of the dynamic screening without exchange (square data points in fig. 5 ) exceeds the other ones (triangular and diamond data points). Notice that the full computation including, at high density, both the dynamic screening and the exchange is missing. We also plotted the average scattering rate at the photogeneration energy due to the emission-absorption of bare LO phonons (i.e., R c,LO = ( )( )
, circular data points in Fig. 5 ). The scattering rate is quasi constant for plasma densities ranging from 10 15 to 10 18 /cm 3 , except for a small enhancement around the density (2-3)x10 17 /cm 3 due to the phonon-plasmon resonance .The more sophisticate theory that considers the emission-absorption of mixed LOphonon plasmon modes provides very similar scattering rates for plasma densities lower that 10 18 /cm 3 in intrinsic GaAs (photogeneration energy 60-70 meV above the band edge). We plotted in Fig. 6 the relative conduction-conduction scattering rate R cc versus the initial photogeneration energy, for different plasma densities ranging from U=5x10 16 /cm 3 to ρ=8x10 17 /cm 3 . These curves provide an estimate of the internal thermalization time of the conduction electrons which is of the order of one or two times 1/R cc . For instance, when the density is around 4x10 17 /cm 3 and the photogeneration energy around 50 meV, the internal 
VI. RELAXATION OF CONDUCTION ELECTRONS IN p-DOPED GaAs
We showed in section I-2 that the e-h collisions accompanied by the excitation of a heavy hole into the light hole band could be dynamically enhanced in heavily p-doped materials ( say for U h >4x10 18 /cm 3 ). We go now one step further by computing and comparing the different electron scattering rates just at the photogeneration energy. We recall that R C-HH and R C-LH are the relative scattering rates when the hole stays in the heavy hole band (i.e. 5 I GI GW
when the hole is scattered between the heavy and light hole bands respectively. R C-LO and R c,M are the scattering rates due to the emission of LO phonons or mixed modes respectively. The computed quantities R C-HH , R C-LH , R C-LO and R C,M enable us to determine on which time scale a scattering process may modify the conduction band distribution at the photogeneration energy. We chose a Lorenztian conduction distribution with a broadening of 50 meV that is centred around the photogeneration energy E p =400 meV (i.e. hot pumping). Holes are thermalized at the temperature of 300K. The electron density is low, namely 10 14 /cm 3 so that the electron-electron collision rate is small compared to R C-LO . Figs 2) At high density the behaviour of the electron-hole processes are completely different in the static and dynamic screening approximations. Basically all the relative scattering rates increase sublinearly in a static screening model because of the increase of the Debye-Hückel wave vector reducing the matrix elements. The dynamic treatment of the C-HH process does not strongly increase the relative scattering rate of this process (compare the triangular data points in Figs. 7-8 ). For this type of collision between two particles of very different masses, the scattering cannot involve, simultaneously, the exchange of a wave vector smaller or of the order of the Debye-Hückel vector and the exchange of an energy close that of the plasmon. On the contrary, these conditions are easily fulfilled by the C-LH process (see the previous discussion at the end of section II) which is very sensitive to dynamic effects. The C-LH process increases superlinearly and becomes dominant above 10 19 /cm 3 in dynamic screening (square data points in Fig. 7 ). R C-LH reaches 30/ps around 1.5x10 19 /cm 3 and increases further at higher densities [48] . This superlinear rise with increasing density is due to the dynamic enhancement because the energy 'E70 meV that is exchanged when exciting a heavy hole into the light hole band becomes close to that of the hole plasmon (see the discussion in section II). Notice that to the contrary, the C-LH process always remains a minor process in static screening (fig 8) . This result demonstrates the great impact of dynamic screening on the C-LH process.
3) The density dependence of the scattering rate by emissionabsorption of bare LO phonons (C-LO process) is also completely different in static and dynamic screening models. For a dynamic screening, a peak is observed when the hole density is around (5-6)x10 18 /cm 3 , corresponding to the resonance of the LO-phonon energy with that of the hole plasmon (diamond data points in Fig. 7) . The dynamic enhancement of the LO-phonon emission and of the C-LO process is responsible for a net increase of the scattering of the conduction electrons in the * valley at density above 5x10 17 /cm 3 in p-doped GaAs. 4) If we consider the scattering rate R C,M by emissionabsorption of mixed LO-phonon plasmon modes (circular data points, Fig. 7 ), we get a slight increase of the scattering with respect to that of bare LO phonons but the results of the two theories are similar.
VII. CONCLUSION
This section was devoted to discussing plasma dynamics in relation to the screening and the exchange theory. Computations were dedicated to GaAs when the electronhole plasma was generated with a limited initial kinetic energy and mostly stayed within the central * valley. We made a particular point of discussing the relative efficiency of the different scattering processes in the conduction band. The following conclusions hold: Relaxation of conduction electrons in intrinsic GaAs, photogeneration energy 60-70 meV above the band edge : a) Conduction-conduction scattering: Dynamic screening is essential for calculating the C-C collision rate at densities above 10 17 /cm 3 . For densities below 10 16 /cm 3 , dynamic and static screening theories provide similar results. The consideration of the exchange contribution to the scattering amplitude increases the scattering rate by 15-20% at low plasma density. b) Scattering by emission-absorption of bare LO phonons or mixed LO-phonon plasmon modes: The two theories lead to similar results. The relative scattering rate at the photogeneration energy is quasi constant around 5 ps -1 for plasma densities ranging from 10 15 to 10 18 /cm 3 . The simple theory of bare LO-phonon emission without screening is resonably good up to (3-4)x10 17 /cm 3 c) The static screening generally holds for H-H processes ( heavy hole-heavy hole collisions). Relaxation of conduction electrons in weakly excited pdoped GaAs (i.e., 7 7 c <<7 7 h ):
Holes remain thermalized at the bath temperature. The plasma dynamics following an excitation reduces to the thermalization and cooling of the electrons. The dynamic screening of the CC, C-LO processes is necessary. The relaxation of the photogenerated electrons by direct excitation of a heavy hole into the light hole band becomes the dominant intraband relaxation process (C-HL process) for U h >(5-6)x10 18 /cm 3 . In heavily p-doped material, the scattering rate R C-LH reaches 30/ps around the hole density U h 2x10 19 /cm 3 and therefore competes with the *L or * X intervalley transfers since R *L 10/ps [16] and R *X 30/ps [49] . Further comparisons between experimental data and scattering rate computations are needed. We must however stress that an accurate experimental determination of the plasma density is crucial in order to compare theoretical kinetics to experimental data without adjusting the density.
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APPENDIX A
We recall that the application of the Boltzmann's equation is expected to hold for time t>t 0 where
We estimate 't in the following . 
We use the following condensed notations:
The energies 'E c and 'E h that are respectively exchanged by the electron and the hole read: 
Process 1b (figure 3)
The algebraic treatment of this process is similar to that of process 1a. The expression for the energy that is exchanged in the conduction band is not modified (Eq. B3a). In the valence band we get now (instead of Eq. B3b): 
